Metabolism is an organism's primary defense against xenobiotics, yet it also increases the production of toxic metabolites. It is generally recognized that phenolic xenobiotics, a group of ubiquitous endocrine disruptors, undergo rapid phase II metabolism to generate more water-soluble glucuronide and sulfate conjugates as a detoxification pathway. However, the toxicological effects of the compounds invariably point to the phase I metabolic cytochrome P450 enzymes. Here we show that phenolic xenobiotics undergo an unknown metabolic pathway to form more lipophilic and bioactive products. In a nontargeted screening of the metabolites of a widely used antibacterial ingredient: triclosan (TCS), we identified a metabolic pathway via in vitro incubation with weever, quail, and human microsomes and in vivo exposure in mice, which generated a group of products: TCS-O-TCS. The lipophilic metabolite of TCS was frequently detected in urine samples from the general population, and TCS-O-TCS activated the constitutive androstane receptor with the binding activity about 7.2 times higher than that of the parent compound. The metabolic pathway was mediated mainly by phase I enzymes localized on the microsomes and widely observed in chlorinated phenols, phenols, and hydroxylated aromatics. The pathway was also present in different phenolic xenobiotics and formed groups of unknown pollutants in organisms (e.g., TCS-O-bisphenol A and TCS-O-benzo(a)pyrene), thus providing a cross-talk reaction between different phenolic pollutants during metabolic processes in organisms.
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triclosan | phenolic xenobiotic | liver microsome | metabolic kinetics | cross-talk reaction B iotransformation is one of the most important determinants of xenobiotic toxicity in organisms and is becoming increasingly important in environmental toxicology and risk assessment (1, 2) . Many xenobiotics that enter the body are lipophilic, and the pollutants undergo biotransformation through the addition of polar groups such as hydroxyls, sugars, and sulfates, which substantially increases the water solubility of the xenobiotics so than they can be more easily excreted (3) . Although this process reduces the toxicity of xenobiotics by facilitating their removal from the organism, intermediates may be formed that are much more toxic than the parent compound (1, (4) (5) (6) . Identification of the bioactive metabolites is essential for assessment of the toxic potential of xenobiotics in organisms.
Phenolic chemicals are an important group of ubiquitous environmental pollutants that include some well-known endocrine disruptors [e.g., triclosan (TCS) and bisphenol A (BPA)] and biotransformation products of aromatic compounds [e.g., hydroxylated benzo(a)pyrene (OH-BaP)] (7-9). Phenolic xenobiotics are generally considered to be rapidly detoxified to glucuronide and sulfate conjugates by phase II metabolic enzymes (3), which are often detected in urine, an indication of the normal elimination route in organisms (10, 11) . However, the toxicological effects of phenolic chemicals invariably point to their phase I metabolisms. A chronic toxicity study reported that TCS acts as a liver tumor promoter by activating the constitutive androstane receptor (CAR) (8), the regulated genes of which are members of the CYP2B, CYP2C, and CYP3A subfamilies. The metabolism of BPA by liver microsomes can generate more hydrophobic products with higher estrogenic activities (6) . These results led us to postulate the existence of active phase I metabolites of phenolic compounds that might contribute to the adverse toxicities in organisms.
To test this hypothesis, we conducted metabolic tests on typical xenobiotics, including chlorinated phenols, phenols, and aromatics. As one of the top 10 aquatic pollutants found in the environment in the United States (12, 13) , TCS was the first xenobiotic to be selected for in vitro and in vivo metabolism in diverse species, including fish, bird, rat, and human. Although TCS can be readily detected in biotas (10, (14) (15) (16) (17) , its biotransformation remains central to the debate over its environmental safety and efficacy in the prevention of food-borne illnesses (18) (19) (20) . We applied a nontargeted screening strategy to identify a group of TCS biotransformation products that are mainly responsible for CAR activities. The occurrence of the products was confirmed by the investigations of urine samples from the general population. The metabolic pathway was further tested for other xenobiotics in in vitro metabolic systems, and the unknown metabolites were found to be widespread within and among phenolic xenobiotics. The identified metabolic reactions provide a widespread pathway for exploring the potential toxicities and possible cross-talk reactions of phenolic xenobiotics in organisms.
Results

Discovery of an Unknown Metabolic Pathway for TCS.
Identification of the metabolic pathway. Among the target compounds, including chlorinated phenol, phenol, and aromatics, TCS was first selected for in vitro metabolic testing due to its environmental ubiquity and susceptibility to metabolism in organisms. Extracts from the control and TCS-exposed microsomal incubations were analyzed using nontargeted screening strategies Significance Organisms are exposed to a wide range of xenobiotics in the environment. Generally, metabolism of individual xenobiotics to water-soluble compounds is a primary defense against these compounds. In this study, we discovered that phenolic xenobiotics undergo a metabolic pathway to form lipophilic ester compounds, and the pathway occurred within and among different compounds in organisms. The pathway provided a mechanism for cross-talk reactions among different pollutants to form groups of unknown compounds during metabolic processes in organisms. to identify the potential metabolites. The spectral data of all samples were analyzed by principal component analysis (PCA). Each point in the score plots represents an individual sample, and samples exhibiting similar variances are clustered together. A distinct separation between the control group and the five dosed groups was observed in microsomes of human, quail, and weever ( Fig. 1A and SI Appendix, Fig. S1 A and B) , suggesting that the biotransformation processes resulted in significantly different chemical profiles in the dosed groups compared with the control groups. The discriminatory metabolites that were responsible for class separation were extracted from the S plot of the orthogonal partial least-squares discriminant analysis (OPLS-DA) model of the dosed and control data sets (Fig. 1B and SI Appendix, Fig. S1 C and D) , and their identities were determined by MS/MS fragmentation. The first groups of metabolites showed the mass spectrum of metabolite 1 (M1) at a retention time of 3.7 min (Fig. 1C) − ), the possible structure was deduced to result from the addition of a hydroxyl to the benzene ring of the TCS (OH-TCS) (Fig. 1D) . compound was eluted as a single peak at the same retention time (6.64 min), and its mass spectrum matched well with that of the compound formed through microsome metabolism (SI Appendix, Fig. S4 ). On the basis of the structural information, TCS formed a group of metabolites, TCS-O-TCS. The pathway existed in all three kinds of microsomes (human, quail, and weever; Fig. 2 ). Occurrences in exposed mice and the general population. The above results demonstrate the existence of the metabolic pathway in the in vitro system. We further tested TCS to clarify whether TCS-O-TCS could be formed in in vivo experiments (e.g., mice) and detected in biota samples. Consistent with the results of the in vitro incubations, both OH-TCS and TCS-O-TCS were detected in the livers of mice exposed to TCS for 1 wk (Fig. 3A) . The concentration ratios of metabolites to the parent compounds (M/P ratio) in the liver tissues of mice were 0.15 and 0.12 for OH-TCS and TCS-O-TCS, respectively. Then a highly sensitive method based on derivatization with dansyl chloride followed by LC-MS/MS was established for the simultaneous analysis of TCS and its biotransformation products in urine samples from the general population (SI Appendix, Fig. S5 ). Among the six TCS-O-TCS metabolites, four compounds (M2, M3, M6, and M7) can be derivertized by separate reactions of the metabolites with dansyl chloride, and two of them (M3 and M6) were detected in the urine samples from a general population (SI Appendix, Fig. S5 ). The structure of the detected predominant metabolite (M6) was clarified by chemically synthesized compound as shown in SI Appendix, Fig. S3 . OH-TCS was not detected in any of the urine samples, whereas TCS and TCS-O-TCS were detected in 99% and 66% of the samples, respectively (SI Appendix, Table S1 ). The geometric mean urinary concentrations of TCS and total TCS-O-TCS were 11.9 and 0.19 ng/L, respectively (SI Appendix, Table S1 ). The geometric mean of the ratio of TCS-O-TCS to TCS was 0.02 in the general populations. The M/P ratio of TCS-O-TCS found in this study was lower than that of TCS glucuronide but higher than that of TCS sulfate reported previously (10) . Enzyme kinetics. An enzyme kinetic experiment was conducted to further characterize the hepatic microsomal biotransformation of TCS and the formation of metabolites (OH-TCS and TCS-O-TCS) in the three kinds of microsomes (human, quail, and weever). The data on the kinetic properties for the three species fit the classical Michaelis-Menten curve well (SI Appendix, Figs. S6 and S7). The biotransformation kinetic parameters (K m , V max , and K d ) of TCS and the formation kinetic parameters of OH-TCS and TCS-O-TCS are shown in SI Appendix, Table S2 . The biotransformation rate of TCS was significantly higher in human microsomes (K d = 7.0 μL/h/mg protein) and quail microsomes (K d = 4.2 μL/h/mg protein) than in weever microsomes (K d = 0.5 μL/h/mg protein). Hydroxylation of TCS (K d = 3.4-4.5 μL/h/mg protein) occurred at higher rates in human and quail microsomes. TCS-O-TCS was formed at relatively high rates in human microsomes, with K d values of 0.2-1.2 μL/h/mg protein, followed by quail (0.1-0.4 μL/h/mg protein) and weever (0.1-0.3 μL/h/mg protein). Phase I and II metabolism of TCS. Reactions were performed with S9, microsome, or cytosolic fractions isolated from human livers. The parent compound TCS was detected at significantly lower concentrations in the cytosolic fraction with the cofactors required for glucuronidation than those in microsome fraction (P < 0.05, Fig.  3B ), which is consistent with the fact that TCS biotransformation is mainly mediated through UDP-glucuronyltransferases (21, 22) . Of the incubations with phase I and II enzymes, OH-TCS was only detected in the S9 and microsome fractions with the cofactors required for CYP enzymes (Fig. 3C) . Significantly larger amounts of TCS-O-TCS were detected in the microsome fractions (P < 0.05) than those in the S9 fraction and cytosolic fractions (Fig.  3D) . Because the microsome and cytosolic fractions are components of the S9 fraction, the relatively low concentrations of TCS-O-TCS in the cytosolic fractions indicated that the formation of TCS-O-TCS mainly occurred when incubated with microsomes. It should be noted that the incubations with phase II enzymes would have reduced the concentrations of TCS-O-TCS generated by phase I enzymes, but the concentrations of TCS-O-TCS were still higher than those in the S9 and cytosolic fractions (Fig. 3D) . It is possible that TCS glucuronide or sulfate could act as a reactive intermediate in the formation of TCS-O-TCS. Inhibitors of phase II enzymes were further added to the incubation mixtures. Whereas the concentrations of TCS glucuronide or sulfate were significantly reduced after the addition of the inhibitors, concentrations of TCS-O-TCS were constant in all of the incubations (SI Appendix, Fig. S8 ). The results indicated that TCS glucuronide or sulfate would not act as an intermediate in the formation of TCS-O-TCS, and phase I enzymes mainly catalyze the metabolic reactions. CAR activities. TCS has been reported to activate the nuclear receptor CAR and substantially accelerate the development of hepatocellular carcinoma, thus acting as a liver tumor promotor (8) . In this study, a yeast two-hybrid assay was applied to determine the human CAR binding activities of TCS and its metabolites. This assay has been successfully used to assess the CAR activities of phthalate esters (23) . The CAR binding activity potentially stemming from TCS or its metabolites during the biotransformation processes was further evaluated. As shown in Fig. 4A , the CAR binding activities of the extracts of TCS incubation mixtures increased with the incubation time, and the concentration to achieve 50% maximal effect (EC 50 ) at 48 h was about 50 times higher than that at 0 h. Chemical analysis showed that TCS concentrations decreased to below the detection limit after 12 h of incubation, OH-TCS concentrations reached stability after 12 h, and TCS-O-TCS concentrations increased with incubation time from 0 to 48 h (Fig. 4B) . Because no TCS was detected in the incubation mixtures after 12 h, metabolites including OH-TCS and TCS-O-TCS were identified as the compounds that possibly contributed to the CAR binding activities. OH-TCS and TCS-O-TCS were further fractionated to assess their CAR activities. TCS-O-TCS elicited the strongest CAR binding activity followed by OH-TCS and TCS, and the EC 50 of TCS-O-TCS (0.9 μM) and OH-TCS (2.3 μM) was 7.2 and 2.8 times lower than that of TCS (6.5 μM), respectively (Fig. 4C) . These results indicate that TCS-O-TCS was the predominant contributor to the CAR activities of the mixtures after 10 h of incubation.
Metabolic Pathway Within Phenolic Xenobiotics. To test whether the identified metabolic reaction is a widespread biotransformation pathway during the metabolism of xenobiotics, the metabolic pathway was further tested in in vitro metabolic systems for other xenobiotics with structures similar to that of TCS. The first group of compounds contained chlorinated phenols [chlorinated BPA (ClBPA) and chlorophenol (ClPhOH)] and had similar structures to that of TCS containing both chlorine and phenols. The second group of compounds included phenols (BPA and PhOH), and their metabolism would test whether chlorine could increase the electronegativity and thus the formation of the products. The third group of compounds comprised aromatics [pyrene (Py), B(a)P, and benzene (Ph)], and their incubation was expected to reveal whether chemicals that contain only benzene could generate the metabolic products. It was interesting to find the generation of metabolites with structures similar to TCS-O-TCS, including ClBPA-O-ClBPA, ClPh-O-ClPh, BPA-O-BPA, and Ph-O-PhOH (Fig. 5 A-D Fig. S9 ), and the incubation concentrations of PhOH decreased to 5 μM by using the derivertized GC/MS method for analysis of Ph-O-PhOH. The reaction occurred in the aromatics when their monohydroxylated products formed B(a)P-O-B(a)POH and Py-O-PyOH (Fig. 5 E  and F) . These metabolites were more lipophilic than the incubated compounds, as exemplified by their longer retention times on the C18 ultra-performance liquid chromatography (UPLC) column (Fig. 5) . The 2-Ph-O-PhOH, 3-Ph-O-PhOH, and 4-Ph-O-PhOH were determined by the derivertized GC/MS method in incubation mixtures with Ph (5-500 μM), because the analytical sensitivities of Ph-O-PhOH is relatively low by UPLC/QTOF/MS analysis. Consistent with the results of PhOH incubations, 2-Ph-O-PhOH and 4-Ph-O-PhOH were detected (SI Appendix, Fig. S10 ), confirming the reaction for the monohydroxylated products of aromatics. By using the derivertized GC/MS method for analysis of B(a)P-O-B(a)POH, and Py-O-PyOH, the incubation concentrations of B(a)P and Py decreased to 5 μM (SI Appendix, Figs. S11 and S12). The identified metabolic reaction was a widespread biotransformation process for phenolic compounds (Fig. 2) . The detected metabolites also exhibited relatively high lipophilicity compared with the parent compounds. Therefore, the metabolic pathway could also occur among different phenolic chemicals (Fig. 2) , providing a cross-talk reaction among different pollutants in organisms.
Discussion
The mass fragmentations of OH-TCS and TCS-O-TCS helped to determine the specific metabolic reaction locations in TCS. As shown in Fig. 1 and SI Appendix, Fig. S2, the − in TCS-O-TCS suggested that a hydrogen ion in the benzene of TCS was substituted by the hydroxyl group of another TCS, and the structure of TCS-O-TCS was confirmed by the chemically synthesized compound (SI Appendix, Figs. S3 and S4). Thus, six reaction positions were available for the generation of TCS-O-TCS (Fig. 1D) , which is consistent with the six TCS-O-TCS isomers detected in the extracts of the dosed incubations. It is interesting to note that no condensation reaction occurred among the TCS hydroxyl groups, and there may have been a loss of H 2 O between TCS and OH-TCS, thus forming an ester compound (Fig. 1) . The same metabolic pathway was observed within and among the tested phenolic compounds, including chlorinated phenols, phenols, and the monohydroxylated products of aromatics (Figs. 5 and 6 ). The phenolic xenobiotics produced a group of lipophilic metabolites through this widespread pathway and might exhibit higher biological activities than the parent compounds.
Kinetic studies showed that TCS was rapidly biotransformed in the microsomes of diverse species with a half-life of 0.1-1.4 h (SI Appendix, Table S2 ), which is consistent with the short half-life of TCS in humans (11 h, according to ref. 16 ). Although a previous study identified phase I metabolites (OH-TCS) in mice after oral administration (24) , TCS has been reported to be detoxified mainly through glucuronidation by UDP-glucuronyltransferases (21, 22) , and the glucuronide conjugates of TCS were comparable to the total concentrations of TCS in human urine samples (10) . A recent long-term exposure study found that TCS promoted liver tumors, and its chronic toxicity was linked to the activation activities of nuclear receptor CAR (8), the regulated genes of which are related to phase I metabolism. In our study, the phase I metabolite TCS-O-TCS was identified after the incubation of TCS with fish, quail, and human microsomes and the exposure of the mice to TCS. The identified metabolites of TCS were consistent with its reported toxicities mediated by phase I metabolic enzymes. The concentrations of TCS-O-TCS continued to increase with the incubation time when TCS was incubated with microsomes for 48 h (Fig. 4B) . This compound was also detected frequently in urine samples from the general populations. Although the level of TCS-O-TCS was relatively low compared with that of TCS glucuronide in urine samples, the CAR activity of the metabolite was 7.2 times higher than that of TCS. The strong CAR binding activity of TCS-O-TCS was consistent with the high hydrophobicity of the metabolite based on its structure and long retention time on the C18 UPLC column (Fig. 1) , as the ligand binding domains of human CAR are primarily hydrophobic (23) . Therefore, the highly toxic and persistent metabolite of TCS continuously activated the CAR, although the half-life of parent TCS is very short in organisms. CAR activation regulates genes that are primarily associated with xenobiotic and drug/steroid metabolism (4, 25, 26) . Most of the chemical carcinogens are chemically inert and require metabolic activation before they exhibit carcinogenicity in experimental animals and humans (27) (28) (29) . The above results together indicate that TCS underwent rapid biotransformation to generate active metabolites of TCS-O-TCS, which interfered with the metabolism of other carcinogens via CAR activation and increased the susceptibility of the animals to tumorigenesis.
Phenolic chemicals are an important group of environmental pollutants originating from discharged industrial products (e.g., TCS, BPAs) or the biotransformation of aromatic compounds (e.g., OH-Py) (7) (8) (9) . Phenolic xenobiotics are generally considered to be rapidly detoxified to glucuronide and sulfate conjugates via phase II metabolic enzymes in organisms (3). Our study reveals that the phase I enzymes mediated an unknown metabolic pathway, which was found to commonly occur within phenolic compounds (Fig. 2) . The products generally exhibited higher lipophilic characteristics than the parent compound, suggesting relatively high potential biological activities. Previous studies have reported that the metabolism of phenolic compounds, including BPA, by the liver S9 fraction can generate products with higher estrogenic activities, and the active metabolites exhibited greater hydrophobicity than the parent compound (6) . The identified widespread metabolic pathway in this study helps to explain the higher activities of the tested phenolic compounds after their metabolic incubations. Metabolism of B(a)P has been well studied previously (30) , and summary of the known metabolic pathways is shown in SI Appendix, Fig. S13 . It is well known that B(a)P is first oxidized to epoxide intermediates, which are converted with the aid of epoxide hydrolase to diol-epoxides, the ultimate carcinogens (30) (31) (32) (33) (34) . The epoxide intermediates can also spontaneously rearrange to form phenols or be catalytically hydrolyzed to form dihydrodiols, and are excreted in feces or urine in the form of glucuronide or sulfate conjugates (30, 35, 36) . In the present study, B(a)P-O-B(a)P was identified as a metabolite of B(a)P, and this metabolite is different from the reported watersoluble metabolites, exhibiting relatively higher lipophilicities than the parent compound. It is interesting to note that the metabolic pathway also occurred among different phenolic compounds, generating a group of unknown chemicals in organisms (e.g., B(a)P-O-TCS). This provided a pathway for exploring the ecology and health risks of coexposures to different pollutants. TCS is among the top 10 pharmaceuticals and personal care products (PPCPs) in the aquatic environment (12, 18, 20) . Most of the PPCPs with high detection frequencies in the environment have phenolic structures (12) and undergo the discovered metabolic pathway in biota. Persistent organic pollutants (POPs) also undergo slow metabolism in organisms to generate phenolic products (e.g., OH-PCBs, OH-PBDEs) (37) . The metabolic pathway of TCS revealed in the present study may generalize to PPCPs with susceptibility to the metabolism or coexposure of PPCPs and POPs. The identified metabolic process is also likely to generate more toxic biotransformation products and to provide a cross-talk reaction among different pollutants in the metabolic processes.
In conclusion, this study identified TCS-O-TCS as an unknown biotransformation product of TCS in vitro and in vivo. The metabolites were also frequently detected in the general population, and the CAR activity of TCS-O-TCS was found to be about 7.2 times higher than that of the parent compound. The metabolic pathway was mediated by phase I enzymes and commonly occurred within and among phenolic xenobiotics, thus generating more lipophilic metabolites with potentially high biological activities. The identified metabolic reactions provide a common pathway for exploring the potential toxicities of chemicals with susceptibility to metabolism in organisms, and possible cross-talk reactions among different pollutants.
Materials and Methods
In Vitro Microsomal, S9, and Cytosol Incubations. TCS was incubated with weever, quail, and human microsome incubations to identify the potential metabolites. All incubation experiments were performed in triplicate at 25°C, 39°C, and 37°C for weever, quail, and human microsome incubations, respectively. Incubations with deactivated microsomes (inactivated at 130°C for 5 min) and standards were used as negative controls. For kinetics studies, hepatic microsomes of the three species were incubated with substrate (TCS, 5, 10, 25, 50, 100, 200, 250, 400, and 500 μM). For metabolic tests within phenolic compounds, hepatic microsomes of the three species were incubated with ClBPA, ClPhOH, BPA, PhOH, B(a)P, Py, and Ph separately. By using UPLC/QTOF/MS and the derivatization GC/MS method for analysis of the identified metabolites, the incubation concentrations of ClBPA, ClPhOH, BPA, PhOH, B(a)P, Py, and Ph were in the range of 10-500, 10-500, 10-500, 5-500, 5-500, 5-500, and 5-500 μM, respectively. In the tests of reactions among phenolic compounds, TCS was incubated with ClBPA, ClPhOH, BPA, PhOH, B(a)P, and Py separately in hepatic microsomes. Concentrations of TCS were 50 μM in incubations, and concentrations of other reactants were the same as those used in metabolic tests within phenolic compounds. The mass spectra and chromatograms shown in Figs. 1, 5, and 6, and SI Appendix, Figs. S9 and S10 were obtained when incubation concentrations of ClBPA, ClPhOH, BPA, PhOH, B(a)P, Py, and Ph were 50, 50, 50, 500, 100, 100, and 50 μM, respectively.
To investigate TCS metabolites produced by phase I and phase II enzymes, TCS was separately incubated with human S9, human liver microsomes, and human liver cytosols. The details of reagents, incubation conditions, chemical analysis, metabolite isolation, CAR assay, data analysis and synthesis route, and NMR analysis of TCS-O-TCS are provided in SI Appendix.
Animal Experiments. Animal studies were approved by the Institutional Animal Care and Use Committee of Peking University, and were performed in accordance with the guidelines for animal experiments of the university, which meet the ethical guidelines for experimental animals in China. C57BL/6 mice (6 to 8 wk old) obtained from the Beijing Vital River Laboratory Animal Technology Company were randomly assigned to the treatment and control groups (n = 8). TCS was dissolved in corn oil and administered by gavage at a dose of 100 mg/kg body weight per day. Control received corn oil only. The mice were housed at a temperature of 22 ± 2°C, a relative humidity of 40-60%, and a 12-h light/dark cycle. The mice were fed a basic diet ad libitum and had access to sufficient drinking water. After 1 wk of TCS treatment, mice were killed, and their livers were removed and subjected to the analysis of metabolites.
Sampling of Human Urines. A scheme devised for the collection of human urine samples was approved by the Human Ethics Committee of Peking University (IRB00001052-12058). A general population comprising 83 adults ranging in age from 24 to 45 y provided urine samples, which were obtained from all participants and poured into individual amber glass tubes. All samples were stored at −20°C until analysis. We asked each participant to complete a written informed consent form, and with the assistance of qualified public health workers, complete a questionnaire covering information on their lifestyle and social-demographic characteristics: age, sex, body mass index, residence history, smoking habits, and level of education before the sample collection.
Metabolite Identification by Nontargeted Screening. Nontargeted chemical profiling LC/MS analysis was carried out on a Waters ACQUITY UPLC coupled to a Xevo QTOF/MS (G2, Waters) with electrospray ionization as described above. The data of both exposed and control samples from in vitro incubations were analyzed using MarkerLynx software (version 4.1, Waters) with the help of multivariate statistical analysis to reveal any potential metabolites of TCS. The details of the data analysis are provided in SI Appendix.
